the SH3 domain of a MAGUK member that has been teraction between the SH3 and GK domains involving identified to date is the kainate subtype glutamate rethe formation of a ␤ sheet including residues N-and ceptor subunit KA2, which binds to the SH3 domain of C-terminal to the GK domain. Based on amino acid PSD-95 via its two C-terminal proline-rich sequences conservation and mutational data available in the liter-(Garcia et al., 1998).
Functional evidence regarding the intramolecular inreplacement using as search models domains of the refined structure of the GMP-bound form. The final teraction comes from the study of PSD-95 and K ϩ chanmodel, refined to an R free value of 26.3%, includes resinels. Disruption of the intramolecular interaction does dues 430 to 476, 485 to 508, 520 to 568, 578 to 603, and not interfere with the ability of PSD-95 to bind K ϩ chan-606 to 720. The remaining residues were not visible in nels, but it does abolish the clustering activity of PSDelectron density maps and were omitted from the final 95 (Shin et al., 2000). Therefore, it has been suggested model. that the targeting and clustering activity of PSD-95 may be controlled by the regulation of the intramolecular The SH3 Domain interaction (Shin et al., 2000) .
The SH3 domain of PSD-95 (residues 430 to 490) shares In this paper, we report the three-dimensional strucabout 30% similarity with other SH3 domains. The artures of the 430-724 fragment of PSD-95, including the rangement of the four ␤ strands that form the ␤ sandwich SH3, HOOK, and GK domains at 2.3 Å and 2.0 Å resoluis similar to that of other SH3 domains (Xu et al., 1997; tions for the apo and GMP-bound forms, respectively.
Sicheri et al., 1997) ( Figure 1B) . However, the fifth ␤ Our structure provides unexpected findings to the interstrand is composed of residues from 522 to 531 of the actions between these MAGUK domains. The SH3 and HOOK domain. The polyproline peptide binding site, GK domains share the conserved topology of their howhich is highly conserved among the SH3 domains, is mologs. Binding of GMP to the GK domain of PSDcomposed of a cluster of hydrophobic residues com-95 did not induce large conformational changes in the prising Phe437, Tyr439, Phe447, Phe454, Trp470, and nucleoside binding domain, in contrast to yeast guanylPro489, which are conserved in different MAGUK famiate kinase (Blaszczyk et al., 2001). The intramolecular lies of proteins (Figure 2 ). In both apo and GMP-bound interaction between the SH3 and GK domains occurs structures, the SH3 peptide binding site does not particivia the formation of an antiparallel two-stranded ␤ sheet, pate in the SH3-HOOK-GK intramolecular interaction where residues C-terminal of the HOOK region form one but rather is exposed to the surface. Along with residues strand, and the last 12 residues C-terminal to the GK composing the interface between the two domains, domain form the other. Hydrophobic interactions along Phe454, present in the canonical n-Src loop that conwith hydrogen bonds make up the interface between nects the second and third ␤ strands, interacts with the domains. The proline binding site of the SH3 domain residues Phe688 and Ile691 in the GK domain. The cais not involved in the intramolecular interaction. The nonical RT loop, which connects the first and second ␤ conservation of the amino acids involved in interactions strands, is not facing the GK domain. On the other hand, at the interface as well as those involved in the formation this loop forms a three residue ␤ sheet with a crystalloof the ␤ sheet, along with mutational data available regraphically related GK domain, involving residues Gly446 garding the intramolecular interaction, suggests that the to Leu448 of the SH3 domain and Glu600 to Gly602 of SH3-HOOK-GK intramolecular interaction is a general the GK domain ( Figure 1B ). Interestingly, this interaction feature of MAGUK proteins.
is seen in both molecules in the asymmetric unit of the apo form as well as in the GMP-bound crystal form. Results
The HOOK Domain Structure Determination
The HOOK domain comprises residues 491 to 533, Recombinant rat SH3-HOOK-GK of PSD-95 comprising which are located between the SH3 and GK domains residues from 430 to 724 plus five cloning residues at (Figures 1B). In the SH3-HOOK-GK apo structure, the the N terminus was expressed in E. coli, purified to N-terminal portion of the HOOK region forms an 18 resihomogeneity, and crystallized by vapor diffusion. The due ␣ helix (491 to 508) between the forth and fifth GMP-bound form crystallized in spacegroup P4 1 2 1 2 and canonical ␤ strands of the SH3 domain. The same helix diffracted to d min ϭ 2.0 Å , whereas the apo form crystalis present in the GMP-bound crystal form, though only lized in spacegroup P1 with d min ϭ 2.3 Å . Seleno-methioabout half of it is ordered and it forms a different angle nine substitution was carried out in order to solve the with the rest of the structure ( Figure 4A ). Superposition GMP-bound crystal structure (P4 1 2 1 2 crystal form) using of the SH3 domain of the apo and GMP-bound strucmultiwavelength anomalous diffraction (MAD) phasing tures shows that the N terminus of the helix is flexible, (Hendrickson, 1991) (Table 1) . Of the three Se sites found being farther away from the SH3 domain in the apo form. by the CNS automated Patterson search method (GrosseThe different conformation of this helix in both structures Kunstleve and Brunger, 1999), two were well-ordered is due to differences in crystal packing. In both the apo and were useful for MAD phasing. After density modifiand GMP-bound structures, the helix has a cluster of cation with solvent flipping (Abrahams and Leslie, 1996) basic residues on one side, giving it an amphipathic and histogram matching (Zhang and Main, 1990) , phases character ( Figure 3A) . Residues Ser522 to Val531 in the were extended to 2.0 Å resolution. The resulting map HOOK domain form the fifth ␤ strand of the SH3 domains was of excellent quality ( Figure 6B ). The final model was ( Figure 1B 
1⁄2 where P(φ) is the experimental phase probability distribution. F N corresponds to the structure factors at the reference wavelength 1 and F D corresponds to the structure factors at wavelength i (indicated by a superscript ϩ) or its Friedel mate (indicated by a superscript Ϫ), and ⌬F h is the difference in the heavy atom structure factors between the two wavelengths.
monophosphates and ATP, respectively. The GK dohydrogen bonds with Arg568 and Arg571, from the loop between ␤8 and ␤9. Tyr580 forms one hydrogen bond main of PSD-95 (residues 534 to 713) shares about 35% identity with yeast guanylate kinase. The CORE domain with O2P of the phosphate group, Tyr604 is involved in a hydrophobic contact, and Tyr609 forms one hydrogen is composed of five parallel ␤ strands (␤6, ␤7, ␤12, ␤13, and ␤14) and six ␣ helices (␣2, ␣4, ␣5, ␣6, ␣7, and ␣8) bond with O1P of the phosphate group. In the GMP binding site, an MPD (2-methyl-2,4-pen- (Figures 2 and 4B ). The NMP domain is composed of four ␤ strands (␤8, ␤9, ␤10, and ␤11) and one ␣ helix tanediol) molecule was found between the guanine ring and the main chain of ␤10 ( 
Intramolecular Interactions
␤12 of the GK domain ( Figure 6F ). A hydrophobic core is formed between the three domains, consisting of resiThe intramolecular interactions between the SH3, HOOK, and GK domains consist of a seven residue antidues from the SH3 domain (Phe431, Tyr432, Ile433, Arg434, Leu436, Phe456, Val459, Trp471, and Val476), parallel ␤ sheet and a cluster of hydrophobic residues from the different domains and the C-terminal tail. Resithe HOOK domain (Lys491, Leu521, Tyr523, Thr525, Val526, Gln528, Met529, Val531, and Arg535), the GK dodues Thr526 to Val531 of the HOOK domain form the antiparallel ␤ sheet with residues Pro714 to Val718, just main (His644, Ile646, Thr685, Phe688, Ile691); and the C-terminal tail (Ile716, Trp717, Val718, and Leu724) (Fig-C-terminal to the GK domain (Figure 6C ). In both the apo and GMP-bound forms, the same interaction is obures 6D and 6E). Their conservation among different MAGUK proteins is shown in Figure 2 . Water molecules served, though residues Arg721 to Leu724 are not seen in the electron density map of the apo form. At the are present at the interface bridging residues via hydrogen bonds among the different domains. The two crystal interface of the SH3, HOOK, and GK domains, Arg434 (SH3) forms a hydrogen bond with the carbonyl group forms have nine water molecules structurally conserved at this interface. of the main chain of residue Phe688 between ␣6 and the SH3 domain positioned toward the interior of the ␤ lecular interaction occurs due to the formation of a ␤ sandwich participating in extensive hydrophobic consheet involving residues N-and C-terminal to the GK tacts ( Figure 6D ). The mutation of Leu460 to Pro might domain and a hydrophobic core involving residues from affect the positioning of neighboring residues including the SH3, HOOK, and GK domains, as well as the C-terVal459, which faces Trp717 in the C-terminal tail. A less minal tail. We propose that these intramolecular interacdirect effect of destabilizing the third ␤ strand might be tions are a conserved feature of members of the MAGUK the disruption of the interaction between His461 and superfamily, based on mutational data available for difTyr432, which in turn faces Trp717.
ferent MAGUK proteins and conservation of the residues Deletion of the last 12 residues C-terminal to the GK involved in the intramolecular interaction. We also prodomain disrupts the intramolecular interaction between pose that the intramolecular interaction could act as a the SH3 and GK domains of PSD-95 (Shin et al., 2000) . molecular switch by regulating interactions with other In the crystal structure of the 12 residues, seven are factors such as calmodulin. involved in the formation of the ␤ sheet, and most of them participate in important hydrophobic interactions by Stanford University on behalf of the U.S. Department of Energy, Office of Basic Energy Sciences. The SSRL Structural Molecular MAD data were collected using two wavelengths (Table 1) 
